Abstract-Natural turbulence and scintillation are the major challenges in practical deployment of free space optical (FSO) communication systems. In this paper, a parallel relay assisted FSO system is considered to deal with these challenges. This paper investigates the end-to-end performance of the multihop parallel relay assisted FSO system over a strong atmospheric turbulence channel with misalignment fading. The analysis is carried out for system employing decode-and-forward (DF) relays and for strong turbulence channel which can be modeled by the gamma-gamma distribution. A novel closed-form expression for the outage probability is derived. The results are compared with the direct transmission system. Index Terms-Binary phase shift keying subcarrier intensity modulation, free space optics, outage probability, parallel relay, strong atmospheric turbulence.
I. INTRODUCTION
Free-space optical (FSO) communication uses light propagating in free space to transmit data for telecommunications or computer networking. FSO is emerging as a captivating alternative to work out the hindrances in the connectivity problems. Unlike conventional RF/microwave links, FSO communication systems has huge bandwidth, license-free operation, high security, electromagnetic interference immunity, lower deployment cost and time as compared to conventional RF/microwave links [1] - [4] . The main undignified factor in FSO links is the atmospheric turbulences particularly for long distance communication, more than a few kilometers [5] . Relay assisted FSO system is an effective method to extend coverage and lessen the effects of fading.
The two relays assisted schemes broadly used in FSO systems are serial relaying and parallel relaying. The outage probability of serial and parallel relay assisted FSO for log-normal atmospheric turbulence channel with path loss effects by using both decode-and-forward (DF), amplify-and-forward (AF) with K relays is analyzed in [6] . The authors in [7] have studied on the end-to-end performance of serial relay FSO system with AF relays over gamma-gamma channels and employing subcarrier differential phase shift keying modulation (DPSK).
The average bit error rate (BER) performance of the DF based cooperative FSO system over gamma-gamma channel using binary phase shift keying (BPSK) based sub-carrier intensity modulation (SIM) is analyzed [8] . In [9] , the different DF relay schemes have been introduced to an FSO communication system and their BER performance is investigated in the presence of shot noise, using the photon count method.
To the best of the author's knowledge, the outage performance of the multi-hop relaying over the gamma-gamma channel with pointing error using BPSK-SIM has not yet been investigated. In this paper, the outage probability of the DF based parallel relay assisted FSO system is analyzed over the strong atmospheric channel with pointing error using BPSK-SIM.
The rest of the paper is organized as follows: Section II discusses the system and channel model used. In Section III, the outage performance of relay assisted BPSK-SIM FSO system is discussed. Section IV describes the numerical results with graphical analysis. Finally, concluding remarks are highlighted in Section V.
II. SYSTEM AND CHANNEL MODEL
A. System Model A parallel relay-assisted FSO communication system is considered, using intensity-modulated direct detection (IM/DD) employing BPSK-SIM. The same modulated information transmitted from the transmitting node to the receiving node indirectly with the help of parallel relays by using two hops. Assume that, parallel relay paths between the transmitter to the receiver and parallel relays are placed arbitrarily in each corresponding path. The received signals at the hop in the path can be modeled as [10] ,
where is the transmitted signals of the hop in the path, is the detector responsivity, is the channel fading in the hop in the path, is signal independent additive white Gaussian noise of the hop in the path with variance . As illustrated from Fig. 1 [10] , the irradiance models the optical intensity fluctuations resulting from atmospheric loss, turbulence and fading can be described as [10] ( 2) where is the attenuation due to beam extinction and path loss, due to scintillation effects and due to the geometric spread and pointing errors. 
B. Channel Model
The atmospheric path loss is modeled by Beers-Lambert law is given as [11] ( 3) where is the attenuation coefficient and is the propagation distance of hop in the path. In this article, we considered the strong atmospheric turbulence. It can be modeled by gamma-gamma distribution with scintillation parameters and , which are indicated as functions of the Rytov variance and a geometry factor. The probability density function (PDF) of the strong atmospheric turbulence can be modeled as a gamma-gamma distribution is given by [11] ( )
where and are the effective number of large and small scale turbulent eddies, is the gamma function. is the modified Bessel function of the second kind of order ( ). The misalignment between the transmitter and receiver degrades the performance and reliability of the FSO communication system. By considering a circular detection aperture of radius and a Gaussian beam, the PDF of is given by [12] ( )
where [ ] is the fraction of the collected power at . The Gauss error function is defined as √ ∫ . The radial distance is denoted as and is the ratio between the equivalent beam radius at the receiver and the pointing error displacement (jitter) standard deviation at the receiver. The combined channel distribution for strong atmospheric turbulence regime is given by [13] ( )
where and are the effective number of large and small scale turbulent eddies, is the gamma function, is the modified Bessel function of the second kind of order (α-β). The effective number of large and small scale turbulent eddies and for a spherical wave are given by [11] ,
[ (
where √ ⁄ , ⁄ , is the optical wave number, with being the operational, is the length of the optical link and is the receiver's aperture diameter. The parameter is the Rytov variance and is given as, 
where and represent the effective number of large and small scale turbulent eddies, is the gamma function.
III. OUTAGE ANALYSIS
In the receiver, the received signal should have a minimum SNR to maintain a satisfactory quality of service is called threshold SNR. The outage probability is the probability that the end-to-end output SNR drops less than a specified threshold. The outage probability of the hop in the path can be expressed as
where is the threshold SNR. The electrical SNR at the receiver can be expressed as,
To substitute Eqn. (11) in (10), we obtain the outage probability as
The cumulative distribution function (CDF) of strong atmospheric turbulence channel with pointing error can be defined as
The integral can be solved by using the Meijer G function, can be calculated from [17] 
By using Eqn. (8) in (6), the outage probability can be expressed as
On parallel relay transmission, the outage performance of each path depends on the outage probability of each hop in the corresponding path. The outage probability of path can be written as
The end to end outage probability is obtained as
IV. NUMERICAL RESULTS AND DISCUSSIONS
The certain numerical results based on the analytical expressions derived in Section III are presented in this section. The following FSO system parameters are considered in the numerical evaluations. Noise standard deviation , photo detector responsivity , beam radius at distance and jitter standard deviation . Fig. 2 . Outage probability against threshold SNR for FSO system with and without parallel relay. Fig. 2 depicts the outage performance comparison between the direct transmission and relay assisted FSO system. Two hops and three relays (paths) are considered for the analysis. It can be noticed from Fig. 2 , the outage probability of an FSO system is improved through the parallel relay transmission compared to the direct transmission and single path transmission.
The end to end outage probability performance of parallel relay assisted FSO system for the various values of α =4.2, 1 and β=1 shown in Fig. 3 . The values of α and β are the effective number of large and small scale turbulent eddies used to represent the moderate and strong turbulences. It is observed that from the Fig. 3 , the outage performance of the system improved along the increasing of α and β. Fig. 3 . Outage probability against threshold SNR for parallel relay FSO system with , and . The 3D plot shown in Fig. 4 depicts the trade-off between the outage performances against the α and β for parallel relay assisted FSO system. The 3D graphs are plotted for the values of α=β=3. From Fig. 4 , it is inferred that the best error rate performances are achieved for large values of α=β=3. 
V. CONCLUSION
The novel exact closed form expressions for the outage probability of BPSK-SIM based parallel relay assisted FSO system over a strong atmospheric channel with pointing error is derived. It is observed that parallel relay assisted FSO system provides the best outage performance compared to the direct transmission. It is also shown that a number of relay paths , improves the outage performance. The minimum outage probability obtained for five relay paths , is .
